This study presents an integrated energy and transmission thermal management system to quantify the impact of a cold-start on the energy consumption of electric vehicles (EVs) from optimal control perspective. In addition, it provides insights into reducing this cold effect from design point of view. The cold-start conditions in an EV refer to a low transmission temperature, which increases the frictional power losses caused by viscosity effects in the transmission. These losses are eventually compensated by the battery, leading to excess energy usage. A detailed EV model, especially the transmission part with transient thermodynamics based on experiment data, is developed, and the integrated energy and thermal controller aims to maximize the energy efficiency. Numerical results show that a cold-start influences the energysaving potential, up to 2.9%. Through analysis of temperature-dependent transmission behavior and energy losses of the EV, design considerations of reducing the cold impact, thus improving energy efficiency, can be derived.
INTRODUCTION
Faced with stringent emissions regulations and energy shortage, powertrain electrification has proven to be the right solution. Admittedly, hybrid electric vehicles (HEVs), taking advantage of hybridization, made a substantial contribution to reducing fuel consumption in the last decade. Compared to HEVs, electric vehicles (EVs) even have an increased positive impact on environment, which accelerates their resurgence. In order to reduce energy consumption, previous studies mainly focused on design and control of EVs from energy perspective, Hofman and Dai (2010); Dib et al. (2014); De Cauwer et al. (2015) , e.g., taking into account of mechanical and electrical energy flows. The thermal domain, however, which plays a crucial role in determining the energy consumption of an EV, has not been fully investigated yet.
Many researchers assume the transmission is already at its efficient operating temperature at the beginning of the driving mission, that is, a warm-start, Wu et al. (2013) ; Hofman and Janssen (2017) . This may not hold, however, for example, the car has been parked for a few hours, which is not uncommon in our daily life, namely, a cold-start. In EVs, cold-start conditions reflect a low transmission temperature, which increases frictional power dissipation because of increased hydrodynamic viscosity effects. These losses are ultimately compensated by the battery, resulting in extra energy consumption. The difference in energy consumption between a cold-start and a warm-start is considered as the energy-efficiency improvement potential, which has not been addressed in literature from optimal control viewpoint. To that end, an integrated energy and transmission thermal management system containing detailed component models with transmission transient thermodynamics is necessary. Unlike internal combustion engine vehicles, where the engine produces a large amount of heat, Laboe and Canova (2012) , to warm up, e.g., cabin and lubrication oils, EVs are lack of heat, posing challenges for transmission warm-up. Therefore, apart from quantifying the energy-saving potential, it is imperative to come up with viable solutions from design point of view to improve energy efficiency with cold-start conditions, thus bridging the gap between a cold-start and a warm-start. These solutions help improve the performance and durability of a transmission, eventually contributing to energy efficiency improvement. It requires a deep understanding of transmission temperature dynamics during heating interval and energy analysis of the EV at system level.
Motivated by the above discussion, this paper originally proposes an integrated energy and transmission thermal management system to quantify the energy-efficiency improvement potential of EVs with cold-start conditions. The system contains a detailed vehicle model, in particular the transmission part including thermodynamics on the basis of measurement data, and the resulting control problem is solved by using optimal control technique. Furthermore, from design perspective, feasible solutions are presented to improve energy efficiency of EVs under a cold-start via analyzing the influence of transmission temperature on the energy consumption and energy bal-
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Motivated by the above discussion, this paper originally proposes an integrated energy and transmission thermal management system to quantify the energy-efficiency improvement potential of EVs with cold-start conditions. The system contains a detailed vehicle model, in particular the transmission part including thermodynamics on the basis of measurement data, and the resulting control problem is solved by using optimal control technique. Furthermore, from design perspective, feasible solutions are presented to improve energy efficiency of EVs under a cold-start via analyzing the influence of transmission temperature on the energy consumption and energy bal- ance of the EV. The rest of this paper is structured as follows. System modeling is given in Section 2. Section 3 describes the optimization problem. Simulation results are demonstrated in Section 4. Finally, conclusions are drawn in Section 5.
SYSTEM MODELING
The vehicle under consideration is shown in Fig. 1 . The transmission employed in this study is a push-belt type continuous variable transmission (CVT). Thermal energy as represented by the red-dashed line is added to conventional mechanical and electrical energy flows. A backward facing model comprising both energy dynamics and thermodynamics with a time step of one second, which is sufficient for the optimal controller design, is created in this research. It is assumed that, except the transmission, all heat sources are in thermal equilibrium with ambient, and once the transmission operating temperature is reached, this target temperature is maintained afterwards. The transmission temperature model is built by using a lumped approach, based on first-order principles. The integrated system can be written as
(1) where k is the time index. The state vector consists of the state of charge (SOC) of the battery and the transmission temperature, given by
(2) The control variable is the variator ratio of the CVT, giving, u(k) = γ var (k).
(3) The disturbance vector contains the vehicle speed and acceleration, which are given by the driving profile, i.e.,
Driving cycle
Since the system requires the disturbance known a priori, a mix of official and real-world driving cycles are used. Specifically, the New European Driving Cycle (NEDC), which is widely used to certify fuel consumption measurements, and the Worldwide Harmonized Light Vehicles Test Cycles (WLTC), which represents the real-world driving behavior, are selected. Moreover, cold-start conditions are required for these driving cycles.
Longitudinal dynamics
Taking into account of aerodynamic drag force, rolling resistance and inertia force, the speed w wh (k) and torque T wh (k) demanded at the wheels to follow the driving cycle can be expressed as follows:
where ρ air represents the air density, c d the aerodynamic drag coefficient, A f the frontal area of the vehicle, c r the rolling resistance coefficient, m veh the total vehicle mass, g the gravitational acceleration, J wh the wheel inertia and r wh the effective wheel radius.
CVT
The CVT consists of four major parts: variator, pump, DNR (drive, neutral and reverse) and final drive. The CVT provides a continuous variable speed ratio γ var between the primary pulley and the secondary pulley to optimize the operating point of the power source. It should be noted that the pump operates above 1000 rpm. Assuming the ratio between the secondary pulley and the wheel is a constant γ fd , the speed and rotational acceleration of the final drive are computed by w fd (k) = w wh (k) · γ fd , (7) ∆w fd (k) = ∆w wh (k) · γ fd .
(8) The torque of the final drive is calculated by
where η fd is the efficiency of the final drive. The torque loss of the final drive is given by
The power dissipation in the final drive is obtained by P f d,loss (k) = T f d,loss (k) · w fd (k).
(11) The speed and rotational acceleration of the primary pulley are calculated by w pri (k) = γ var (k) · w fd (k), (12) ∆w pri (k) = γ var (k) · ∆w fd (k).
(13) Considering inertia effects J var,i and J var,o , the torque of the primary pulley is given by
Therefore, the total torque demand can be calculated by T tot (k) = T pri (k) + T vdp,loss (w pri (k), T pri (k), γ var (k)).
(15) where T vdp,loss (w pri , T pri , γ var ) denotes the torque loss in the variator, DNR and pump. Detailed loss maps are employed for the calculation. The corresponding power losses of these components can also be computed. Constraints on the variator ratio and primary pulley torque are
(17) Hence, with warm-start conditions, the power dissipation in the CVT can be expressed as P w tr,loss (k) = P vdp,loss (w pri (k), T pri (k), γ var (k)) + P f d,loss (k).
Under a cold-start, however, due to higher frictional losses caused by hydrodynamic viscosity effects, the transmission losses are higher. To mimic the real situation, a transmission cold factor, which is a function of the transmission temperature, is introduced to adjust the nominal power dissipation P w tr,loss (k). In this work, models associated with the transmission thermodynamics are developed on the basis of, van Berkel (2013), where experiments were performed for transmission temperatures ranging from 30 • C to 80 • C. The transmission cold factor is given by
where c tr,1 and c tr,2 are constant coefficients. θ tr is the operating temperature, from which the cold effect on the transmission losses becomes negligible. The temperaturedependent power dissipation in the transmission is computed by P c tr,loss (k) = c(θ tr (k)) · P w tr,loss (k).
(20) The heat production in the transmission can thus be calculated as P tr,th (k) = P c tr,loss (k) − P tr,amb (k).
(21) The power lost to the ambient air is given by P tr,amb (k) = c tr,amb · A tr · (θ tr (k) − θ amb ).
(22) where c tr,amb represents the heat transfer coefficient to the ambient and A tr is the heat exchange area. As a result, the transmission temperature can be derived as follows:
where c tr,h is a heating coefficient, which compensates for the slower heating of the metal parts than that of the lubrication oil. c tr is the transmission specific heat and m tr its mass.
Integrated motor-generator
Given the total torque demand, the torque supplied by the EM at the torque-split location (in consideration of mechanical braking) is given by
The additional torque provided by the mechanical braking is defined as
(25) The speed and rotational acceleration of the EM are computed by w em (k) = max(w pri (k), 1000 · π 30 ), if w pri (k) > 0, (26) ∆w em (k) = ∆w pri (k).
(27) Taking into account of the EM inertia J em , the torque of the EM is caculated by T em (k) = T em,ts (k) + J em · ∆w em (k).
(28) The power loss of the EM including power electronics (PE) P em,loss is described by a look-up table. Hence, the electric power supplied to/by the EM is obtained by
Battery
The battery is modeled by using an equivalent circuit approach, a voltage source in series with an internal resistance. The electric power provided by the battery and its current are computed by P batt (k) = P em,elec (k) + P aux .
(33) where P aux is the auxiliary power, a constant. V oc represents the open circuit voltage of the battery and R int is the battery internal resistance. Consequently, the SOC is governed by
where η batt is the battery charging efficiency and Q batt is the battery capacity. The battery current is bounded by
OPTIMIZATION PROBLEM
In this work, the cold factor works as a penalty on the system, and the additional power dissipation is eventually compensated by the battery, leading to excess energy consumption. Hence, the system aims to find not only an optimal SOC trajectory but also an ideal warm-up profile of the transmission to minimize the energy consumption.
In view of the model complexity, which is highly non-linear and non-convex, and has many constraints, the optimization problem is solved by using dynamic programming (DP). Although DP is computationally expensive, it is a widely used optimization algorithm to find global optimal solution. Furthermore, it provides insights into design of online controllers, e.g., by establishing relationships between DP, Pontryagin's minimum principle (PMP) and equivalent consumption minimization strategy (ECMS). Given the driving cycle, DP, Bertsekas (2005) ; Sundström and Guzzella (2009) , is applied to obtain an optimal control law represented by the variator ratio γ var to minimize the battery usage P batt , i.e., min u(k)∈U
, a veh (k))) .
(36) where U represents the admissible controls and G(x(k n ), k n ) represents the terminal cost. The intermediate cost can be calculated by
In addition to the constraints described in Section 2, extra constraints on the system are
(39) The optimal control problem given by (36) is solved for two simulation settings so as to achieve the goal of this research, which are described as follows.
S 0 : The transmission is at its operating temperature at the outset, which indicates that there is no cold effect. The optimal controller tries to find an ideal SOC trajectory. This is an ideal scenario. S 1 : A cold-start of the transmission is considered. It consists of two continuous dynamic states, ξ and θ tr . The optimization strategy aims to generate an ideal SOC profile and a warm-up trajectory of the transmission simultaneously. This is common in reality.
The energy-saving potential can be identified, by comparing the battery energy consumption (in kWh/100km) between S 0 and S 1 , which shows the upper limit of what can be expected in reality, i.e.,
∆ES =
where EC S0 and EC S1 are the energy consumption of the corresponding simulation setting.
SIMULATION RESULTS
Through post analysis, it is found that the difference in the SOC trajectory between the two settings is very small. It means that the cold impact on the integrated energy and thermal controller is not significant. It should be noted that the same goes to using the control from S 0 to the augmented model including thermodynamics. In this case, the battery energy consumption cannot be produced because it is not integrated at vehicle level, which is not considered for comparison later on. The reason of the small difference is that, from optimization perspective, the integrated energy and thermal management system tries to maximize the efficiency of the power source independent of simulation settings. Thus, only the SOC trace for S 1 is depicted, as shown in Fig. 2 . The considered EV has two driving modes, electric vehicle (EV) mode and brake energy recuperation (BER) mode. The general trend is as expected.
As evident by Fig. 3, compared with NEDC, the transmission temperature in WLTC increases faster, which reduces the cold effect remarkably. The NEDC is best characterized by an urban part, [0, 780] s, which indicates low driving demand, leading to a slow rise of the transmission temperature, and a highway portion, [780, 1180] s, which represents high driving load, resulting in a rapid rise of the temperature. Two distinguishing slopes of the temperature profile are visible. Note that the slope less than zero is mainly due to convection to the ambient during standstill. The transmission temperature at the end of the NEDC is still far lower than the operating temperature. Since the efficiency of the power source is maximized as explained before, another factor that affects the temperature increase is the driving profile. Even for the more demanding WLTC, which has higher average speed, longer driving length and shorter stop duration, the operating temperature is reached at 1766 s, almost the end of the driving mission. Compared with the WLTC, the slower temperature increase in the NEDC leads to a slower decrease in the cold factor, resulting in a higher penalty on the energy consumption, as ultimately this extra power dissipation is compensated by the battery. As a result, cold-start conditions have an impact on the energy consumption, and the energy-saving potential is identified to be 2.9% on the NEDC and 1.7% on the WLTC.
It should be noted that the 2.9% energy-saving potential is obtained assuming the initial transmission temperature is 30 • C. In reality, depending on how long the car has been parked, the energy-saving potential may differ. Because of the cold effect, it is clear that the energy consumption decreases while increasing the initial transmission temperature. The energy-efficiency improvement rate can be defined as
where θ tr (k 0 ) ∈ [30 • C, 80 • C] represents the initial transmission temperature. The relationship between the energyefficiency improvement rate and the initial transmission temperature is shown in Fig. 4 , which can be approximated by a quadratic fit as ∆ES θtr(k0) = c 2 · θ 2 tr (k 0 ) + c 1 · θ tr (k 0 ) + c 0 .
with c 0 = −1.1929, c 1 = 0.0361 and c 2 = 1.7857e −4 . As expected, the energy efficiency increases while increasing the initial transmission temperature due to the cold effect. For a given transmission temperature, neglecting the term P tr,amb , the demanded thermal budget that the system should allocate to bring the transmission to its desired thermal energy level is described by E tr,th = c tr,h · c tr · m tr · (θ tr − θ tr (k 0 )).
(43) where E tr,th is a constant value, independent of driving cycles. As long as the system can provide the heating Fig. 4 . Influence of transmission temperature on the NEDC. power required to heat the transmission, the impact of cold-start conditions can be mitigated. Therefore, in order to bridge the gap between S 0 and S 1 , thus improving energy efficiency, it is imperative to come up with feasible solutions.
As reported in, Jarrier et al. (2000) , the average distance travelled in Europe is around 10 km, which is similar to the length of the NEDC. Hence, the NEDC is used for analysis. Observing the energy balance of the NEDC, energy losses of each component, as illustrated in Fig. 5 , it can be seen that the waste heat from the PE and EM (PEEM) is significant, which seems to be the major heat source of the EV. More importantly, the amount of waste heat available in the PEEM is even higher than the thermal budget needed for the transmission heating. It can be envisioned that the cold effect can be reduced substantially by using the waste heat from the PEEM, which provides insights into design of the waste heat recovery technology. Furthermore, though the convection term P tr,amb is widely ignored in literature, via post calculation, it is actually not negligible and accounts for a considerable part of the total power loss in the transmission. This suggests that a certain degree of transmission encapsulation can be considered, which increases the lifetime and performance of the transmission, and provides fast warm-up for the next cold-start, eventually improving energy efficiency.
CONCLUSION
An integrated energy and transmission thermal management system is proposed to investigate the impact of a cold-start on the energy-saving potential of an EV and to derive design considerations of reducing this cold effect. Optimal control is applied to a detailed EV model including transmission thermodynamics, to maximize energy efficiency. It can be concluded that cold-start conditions affect the energy consumption, up to 2.9%, yet have a small influence on the optimal controller. Additionally, the transmission temperature dynamics during heating period and the energy losses of the EV are thoroughly analyzed. From design viewpoint, transmission encapsulation and utilizing waste heat from PEEM to heat transmission are presented as viable means to reduce the cold effect, thus achieving better energy saving. A combined design and control approach to determine the ultimate energy saving is recommended for future work.
